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AB.STRACT
A major cause of damage to s.tructures and earth emhank-.
ments: during earth_quake.s or any· other such_ dynamic vibrating
loading conditions has· oee.n the. l::i:.quefaction of saturated
sands:.

There have been s-everal investigations to establish

a convenient and relatively· simple laboratory· test procedure
and to study the nature of field conditions leading to sand
liquefaction.

This investigation evaluates the effects of

sample size, testing frequency·, and the method of sample
preparation on the number of cy·cles to cause initial liquefaction in pulsating triaxial tests using standardized
equipment and test procedures.
It has been found that sample size does affect test
results as larger diameter samples tend to give a lower
dynamic strength for sand.

Also, higher pore pressures

are generated in larger diameter samples for the same
number of stress applications.

There is an indi8ation that

a higher frequency of loading also produces a lower strength,
but this is not considered to be conclusive due to very
limited data.

On the other hand, it is found that the

method of sample preparation does not affect the test results
if the variables of sample preparation such as relative
density, homogenity, grainsize dis.trihution, and the degree
of saturation are maintaine.d reasonably constant.
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CHAPTER l
INTRODUCTION
A.

General
One of the major causes. of damage to structures and

earth embankments during earthquakes has been the liquefaction of saturated sands.

During earthquakes of Chile

l960

I 61

l964

ll3l , extensive damage occurred due to sand lique-

, of Niigata, Japan lg64 ll7l , and Alaska, also 1n

faction.

Although similar cases of sand liquefaction were

reported as far back as 1783 ll2l , the recent earthquakes
actually focused the attention of engineers throughout the
world on the importance of this phenomenon and its devastating effects.
Apart from the importance of liquefaction of saturated
sand during earthquakes, the changing requirements of technology and society at large, as well as the world political
situation, have created potential or actual conditions
where the danger of sand liquefaction substantially exists.
Present design should consider shocks caused by large
nuclear or conventional blasts for earth excavation or
potential wartime explosions which generate a wave front of
great peak stress.

Radar or electrical transmission tower

vibrations due to wind and foundations of unbalanced
machinery may cause le.ss· s.pectacular failures.

The latter

type of vibrations are of small amplitude, but they occur
for a great many cycles and are similar to earthquake
conditions

Ill! .

2

The cause of liquefaction of s.aturated sands. has
been understood qualitatively ;for many y-e.ars.

If a loose

s.aturate.d s:a.nd ig subjected to vibrations,, it tends to
compact and decrease in volume; if drainage cannot occur,
the tendency for the volume decre.as.e res:ul ts. in an increase
in pore-water presgure.

Thug, if the pore-water pressure

builds to a magnitude where it equals the over-burden
pressure, the effective stress is reduced to zero with the
consequent loss of sand strength.

This is liquefaction.

The liquefaction of saturated sand may develop in
any zone of a soil deposit where the necessary combination
of in-situ conditions and vibratory excitation occurs.
Such zones may be at the surface or at some depth below
the ground surface depending only on the state of the sand
and the induced motions

12 3 I .

Most of the earlier investigations have sought to
establish a simple procedure to simulate liquefaction in
the laboratory to facilitate a comprehensive study of
liquefaction potential of sands.

This would help predict

the susceptibility of sand deposits to liquefaction and,
thereby, development of design criteria.
B.

Scope of This Investigation
There have been several investigations on the lique-

faction phenomenon of saturated sands.
Seed

jl4l,

and Seed and Lee

j23j,

Lee

j13j,

Lee and

at the University of

California have extensively s:tudied liquefaction of sands
and, at the same time, developed a new concept of instru-

3

mentati_on which clos.ely simulates the. dynamic loading
conditions in the field

1231.

Subsequently, Rocker

1201

inves:tigated sand liquefaction using Seed'· s. and Lee's conce.pts but with different .materials. and equipment.
On the other hand, Castro

131

carried out investiga-

tions in whi'ch the approach was- monotonic loading.

He

attempted to determine and establish the validity of
earlier concepts of critical void ratio by Casagrande

141,

as applied to the liquefaction of saturated sands.
Although these investigations corroborated the basic
assumptions and the underlying concepts postulated by Seed
and Lee

j23l, there is one striking difference in all

these investigations.

They were carried out on different

materials, with different equipment configurations, using
different sizes and methods of sample preparation, and
using different frequencies of cyclic loading.

Without

knowing the effects of these variables, it is difficult
to compare the results.
parisons can be made

It is doubtful that direct com-

j25j.

No standardized equipment and

procedures exist for the dynamic soil test.
It is the purpose of this investigation to document
test procedures and equipment and evaluate the effects of
sample size, testing frequency and method of sample preparation on the number of cycles to cause initial liquefaction in triaxial samples.

4

CHAPTER II
Ll.TERATURE REVIEW

A. ·PreVioUS'Studie.s
Probably the first attempt to delineate conditions
under which liquefaction might occur is the. critical void
ratio approach suggested by A. Casagrande

141.

It was

noted that during shear, dense sands tend to expand whereas
loose sands tend to decrease in volume.

Thus, for any sand

there must be some void ratio, for which there
change at failure.
void ratio.

lS

no volume

This void ratio is called the critical

It was reasoned, therefore, that sand deposits

having a void ratio higher than the critical void ratio
value will tend to contract during shear.

Under undrained

conditions, they would develop positive pore-water pressures
which might possibly become large enough to reduce the effective overburden and confining stresses to zero, thereby
reducing the shear strength to zero.
faction.

This produces lique-

Conversely, deposits having a void ratio lower

than critical would tend to increase in volume, causing a
negative pore-water pressure under the undrained shear conditions.

A higher effective stress is developed in the soil

mass, increasing the strength and stability.
Subsequent to Casagrande.'· s
that the. critical void ratio

lS

:-zork~

it has been noted

not a cons·tant value. for

a given sand, but depends on the confining pressure to
which the s;and is subjected j54j.

Because dilation ten-

5

dencies are smaller at high confining pressures, the critical void ratio decreases: as. the confining pressure
lncreases.

It has been concluded that a saturated sand at

a given density is potentially less. stable under
confining pressures than under a

lo~

h~gh

confining pressure.

Thi.s; approach can provide a valuable guide to the behavior
of saturated sands subjected to loading.
Casagrande noted

141

Ho;,vever, as

in presenting the concept of critical

void ratio, volume change unde.r cyclic loading conditions. are
quite different from those occurrlng under one-dimensional
static loading conditions;.

It could hardly be expected

that the critical void ratio concept ;,vould be applicable
to earthquakes or vibratory loading conditions.

In fact,

Russian engineers have noted the nbreakdownn of sand
structure below the critical void ratio and, on the contrary,
the satisfactory behavior of many structures built on
sand with a void ratio above critical ll6j.
The inadequacy of the critical void ratio approach
for vibratory loading problems has led engineers to attempt
to establish the conditions producing liquefaction in terms
of the acceleration at which liquefaction can be observed
to develop

ll6,19\.

Usually the testing is done by

placing saturated sand in a box on a shaking table and
recording the table acceleration at which the liquefaction
occurs..

Such results,

ho~&ever,

are inevitably influenced

by the ·duration and frequency· of the table motion to which
the sand is subjected and possibly also by the geometry

6

and the deformation characteristic of the container.

Thus,

it is very difficult to extrapolate the test res.ults to
field conditions

1231.

In the period of l937 . . . . 3g, J.D. Watson

1241

conducted

a comprehensive study on the representative s.and samples
from hydraulically· deposited shells of the Fort Peck Dam.
These and other invef3·tigations on the sands from the
fort Peck Dam indicated that the critical void ratio as
determined from laboratory tests was: higher than the void
ratio of the s:and in the Dam; on this basis, liquefaction
could not have occurred.

Ho-;;.zever, Casagrande explained

in his lectures on Soil Mechanics at Harvard

131 that his

investigations on the Fort Peck Dam failure led to two conclusions.

First, that the sands 1n the shell and the

foundation of the Dam had indeed experienced a major liquefaction failre; and secondly, that the method used for
determining critical void ratio was faulty and led to
erroneous results.

Largely as a result of his investigation

of the Fort Peck Dam slide, Casagrande developed the concept
of the "flo-;.v structure 11
lectures.

I24 I ,

-;.vhich he described in his

He assumed that during a liquefaction slide,

the relative position of the grains is constantly changing
1n a manner which maintains a minimum resistance.

The

change from a normal structural arrangement of the grains
to the "flow structure" would start almost accidentally in
a nucleus· and then apread through_ the mass by a chain reaction; and that such a reaction could explain the spon-

7

taneous character of liquefaction.

With the failure of

several efforts. to investigate liq_uefaction in the
laboratory, he thought that it might never be poss.ible to
reproduce on small test specimens the conditions. -which
produce liquefaction ln an element ~ithin a large nass of
saturated sand

J24j.

In 1958, Roscoe

j221 reported a series of consolidated-

drained testa on cohesionless; materials, performed 1..-1i th a
simple shear device that he had developed earlier

121\

He found a better agreement w-ith critical void ratio
concept

on the

final void ratios· on steel balls and glass

beads than on sands.

He attributed the difference, to a

certain extent, to the particle breakdo-wn suffered by s.ands
during the tests..
B.

Effects of Vibration on Saturated Sand
Up to this point, references have been made to inves-

tigations of the critical void ratio concept, which is
applicable to the behavior of a sand -when subjected to large
monotonically increasing shear deformation.

It has been

observed that liquefaction failures are also induced by
cyclic strains caused by earthquakes and vibratory conditions
developed in structures.

As mentioned earlier, when a

strong vibratory disturbance acts on a loose sand mass,
it tends. to produce a reduction in volume.

The volume

decrease tendency produces. a cumulative rise in pore--water
pressure.

Maslov ll6 I , Florin et. al.

19 I ,

Barkan Ill ,

8

Bazant et. al.

\21

haye reported results of investigations

in which the variables affecting th~s rise in pore-water
pressure have been studied.
Nunnally published results on four s.aturated sands ln
~966

1~81.

The tests. were similar to those of Haslov, and

he found that the magnitude of

pore-~.rater

pressure developed

during vibration could be related to the grainsize characteristics of the sand.
A comprehensive study of the effects of controlled
cyclic stresses on the deformation of sand samules and the
pore-pressure build-up has been carried out by Lee \13\,
Lee and Seed \14\, and Seed and Lee

\23\.

The materials

used ln these investigations consisted of a clean uniform
sand from the Sacramento river in California.

The sand

specimens were loaded in a triaxial apparatus modified to
allow the cycling of deviator stress.

The frequency of

loading ranged from 2 Hz to 5 Hz, but mostly 2 Hz.
cyclic loading pattern was a square wave shape.

The

In these

tests, the cycled deviator stress termed crdp' the pore
water pressure and the axial deformations were recorded.
A typical result is given in Figure 2.1.
They concluded that negligible axial strains occur ln
loose sand until the pore-pressure builds up to equal the
effective confining pressure.

This reduction of effective

stress to zero is defined as liquefaction.

For dense sands,

the pore-pressure gradually increases Nith each successive
cycle.

The sample deformation increases with each cycle,

9
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Fig. 2.1

Reversing Stress Test on Loose Sand
Seed and Lee j23l.

10

but the axial s.train is. small until the maximum value of

cr3/cri

in extens_ion i.s. reached.

Thereafter, th.e axial

strain increases: markedly· i&ith each s;ubsequent cycle.
Seed and Lee

12 31

s.ugge.s:t th.at the ;following conditions

may be recogni.zed in cy·clic triaxial tes:ts::

l.

failure is: when strains: become excessive.

Therefore,

the failure of a s-ample depends on the definition
of the failure criteria adopted for the tests.

In

their tests, it is usually defined as 20% axial
strain, double amplitude, or a ±lO% axial strain.
2.

Complete liquefaction is when the soil exhibits
negligible or no resistance to deformation over a
wide range of strain.

3.

Partial liquefaction is: when a soil offers no
resistance to deformation over a range of strain
less than failure s.train.

4.

Initial liquefaction occurs when the soil exhibits
any degree of partial liquefaction, i.e. when the
pore-pressure first equals the effective confining
pressure.

Based upon the above criteria, Seed and Lee

1231

derived

the following conclusions:
Cy~lic s:tr~ss application will induce partial lique-

faction over a wi.de range o:f relative. densities.

The

magnitude of cycli.c devi.ator atres:s. to caus.e lique.faction

Ls a given number of cycles.

increas:e~

tive density or decreasing void ratio.

rith. increasing rela-

11

A

h~gher

effective confining stress requires a greater

cyclic deviator stress to caus.e liquefaction for the same
number of cycles.
The larger the cyclic stress: or strain, the lower the
number of cycles required to caus:e liquefaction.
For loose sands, the initial liquefaction, excessive
strain, and complete liquefaction occur simultaneously.
For denser samples, the magnitude of cyclic deviator stress
and number of cycles: to failure are related to the failure
criterion adopted.
One other as·pect of the cyclic test was also noted
by Seed and Lee

1231.

A difference in behavior of the sand

occurs vv-hen samples are cycled in compression only,as
opposed to when cycling is done with stress reversal.

Stress

reversal is defined as a change in deviator stress from
compression to extension passing through zero deviator
stress.

In this manner of cyclic loading, the lateral

confining stress becomes the major principal stress on the
upward or extension stroke.

On the basis of observations

of such reversing stress tests, Seed and Lee concluded:
A dense sand under low consolidation stress was
noticeably weaker in reversing stress loading than under
non-reversing conditions.
The effect of strength reduction due to stress reversal is greatly reduced for loose sands, and for samples
under higher confining stresses.
In all cases, cyclic loading induced axial strains

12

which increased with continuing cycles.
The specimen strength under cyclic loading increases
with increasing density and wi.th increasing confining
pressure.
The greater the consolidation rati.o,

ale! a·3c,

the

greater is the deviator s:tres:s· req_uire.d to cause failure
for samples undergoing stress· revers·al.
Peacock and Seed jl9l reported results of cyclic simple
shear tests on saturated Monterey· sand.

The behavior l.n

cyclic simple. shear was: similar to the triaxial behavior
but there was a considerable discrepancy in the magnitude
of stresses to cause failure in the two different tests.
The cyclic simple shear stress required to caus·e liquefaction
failure is approximately 35% of the stress determined in
triaxial tests.

However, this figure has been increased

to 50 to 65% 1191.
Lee and Fitton 1151 performed a series of cyclic
triaxial tests to determine the effect of grain size, gra1n
size distribution and grain shape on the strength of the
soil under cyclic loading.

The testing procedure was

similar to that of Seed and Lee 1231.

They concluded that

D5 0 , the median soil particle di.ameter, presented a reasonably

satisfactory basis of comparing the dynamic strength

of one soil to that of another.

The cyclic deviator stress

to cause failure was found to be dependent on the mean
gT'ain s:ize.

Aa the mean gT'ain s·ize decreased, they also

concluded that grain size dis-tT'ibution and grain shape were

13

considerably les.s. s.ignificant than the grain slze.

They

further observed that there can be. variation in the result
due to the size of th.e s;pecime.n, but they did not consider
it important

l~sl.

Cas;tro 1.31 performed a series of tests ln which he
tried to explain "spontaneous liquefaction".

He defined

liquefaction as that particular phenomenon which takes
place ln a mass of sand during flow slides.

This flow,

which he termed as nliquefaction", is caused by a large
reduction in the shear strength of soil.

A loose saturated

sand reaches its ultimate shear resistance at small strains
in undrained cyclic stress reversal tests.

Further

straining induces a large reduction in shearing resistance.
This reduction in shear resistance is a manifestation of
the tendency of the sand structure to decrease in volume,
which in turn results ln an increase of pore-pressure.
Castro concluded from the tests that the rapid large shear
strain induces a change in the sand structure until it
reaches a "minimum resistance structure", when the flow
takes place.

In his opinion, the shear strength during such

a flow is a function of the void ratio of a particular sand
and also of its grain size distribution.
Castro applies this flow structure concept also to
cyclic loading conditions.

He theorizes that loose sand

will fail suddenly if the pore pressure is increased by
any agency.

The shear s-trength then decreases below that

required for stability.

The sand w-ill shear continuously

14

at a reduced shear strength_ until it comes into equilibrium
under a reduced resistance.

The strength during flow will

be governed by the void ratio, provided no drainage occurs.
If the effective confining press.ure during flow is known
.

the resistance to

flo~

can be calculated.

effective confining pressure

c~3f)

'

The plot of

during flow on a log

scale versus the void ratio £alls on a slightly curved line,
which he called the ef-line.

The effective confining pres-

sure under ltihich the s.amples deformed with constant res1stance is the same as that computed from the ef-line previously determined by the drained static tests.
The ef-line concept proposed by Castro is akin to the
critical void ratio concept which was earlier put forward
by Casagrande
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for static conditions;

to apply it to the dynamics.

Castro has tried

It is. not clear from his in-

vestigation what is the effect of strain rate on the
strength of sand.

The determination of susceptibility of

sand deposits to liquefaction by this method is open to
question.

The'shear resistance during a flow may be computed

and can be presented by the ef-line.

However, this does

not take into account the increase in vibration or cyclic
shear stress necessary to cause a flow condition with an
increase in confining presaure.

On the contrary, he suggests

that the greater the confining pressure, the greater would
be the loss in strength, and the sand will be more susceptible to liquefaction.
Liquefaction, as defined by Castro,

lS

not the same as
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defined by Seed and Lee

j23j

and other investigators..

The

definition used by Castro applies to the shear resistance
of sands during flow slides. caus:ed by an increase in porepress.ure due to overstressing of s;and or hy any other reason.
This phenomenon is: often termed as "spontaneous liquefaction"
when sand flows until it s·tahilizes; under the reduced
strength.
At best', this method estimates the s:trength of soil
during rapid deformations. but not the loss of strength
under vibration itself.

Therefore, it can be used as an

adjunct to the other tests, which can predict the number of
cycles for a particular condition for caus1ng liquefaction
in saturated sand.

Castro's method can estimate the resis-

tance of the liquefied soil, once it has started straining.
Rocker

j20j

reported a series of investigations

similar to those of Seed and Lee

l23j

on a clean uniform

natural sand and on a modified natural sand.
inches in diameter was used.
well with Seed and Lee

1231

2.8

The tests generally correlated
but the strength was low com-

pared to the earlier tests of Seed and Lee
sand.

A sample

1231

on a similar

Rocker attributed this to the rounded gra1n shaDe

of the sand used in his investigation
Finn et.al.

181

1201.

have reported the effects of urevious

strain history on the liquefaction potential of sand.
According to their investigations, if the sand has strained
previously and has suffered liquifaction, it is: more
suscel?tible to liquefaction afterwards than a soil which

16

has not been liquefied in i_ts history.

Samples., stabilized

after liquefaction in dynamic triaxial teats., reliquefied
at a considerably less deviator s;tres:s and numher of cycles.
This phenomenon occurred in spite of the increase in
relative density due to volume changes which took place
during the dissipation of excess pore-pressure stabilizing
the sample after liquefaction.
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CHAPTER III
MATERIAL
The sand used in this investigation was obtained from
the Lane Spring Recreation Area on the Little Piney River
1n Phelps County, Missouri.

1t is uniformly graded medium

to fine sand, with a Unified Soil Classification symbol
of SP.

Figure 3.1 presents the grain size distribution

curve for this material.
The physical properties of the s.and are g1ven in
Table

I .

The specific gravity of the material was deter-

mined by the ASTM test procedures based on an average of
four tests.

The determination of maximum relative density

was carried out in two different ways and the higher of
the two values was accepted as the maximum relative
density

1101.
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TABLE

I

PHYSICAL PROPERTIES OF LANE SPRING SAND
Specific Gravity............................

2.64

Minimum Void Ratio . . . . . . . . . . . . . . . . . . . . . . . . . .

0.487

Maximum Void Ratio..........................

0.751

Minimum Dry Density . . . . . . . . . . . . . . . . . . . . . . . . .

93.9 lb/cu.ft.

Maximum Dry Density . . . . . . . . . . . . . . . . . . . . . . . . . 110.7 1b/cu.ft.
Grain Size Distribution
Coefficient of Uniformity, Cu..........

1.6

Coefficient of Curvature, Cc. .. . ... . . ..

1.1

Unified Classification......................

SP
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Fig. 3.3

Photomicrograph

Magnification 40 X
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CHAPTEF. IV
EQUIPMENT AND TEST PROCEDURES
A.

Equip.rneht
The equipment shown schematically ln Figure 4.1 consists

of a triaxial chamber, a double acting piston, and a control
unit.

The triaxial cell has an interchangeable platen

capabili-ty for testing specimen sizes of 1.4 11
and 4. 0 tt in diameter.

,

2.Bn,

Th_e double acting piston provides

cyclic stress-controlled loading and the control unit is
equipped to regulate chamber pressure, back pressure,
cyclic deviator stress, and the frequency of loading.

An

electrical counter automatically records the number of
stress cycles.
In addition to the above main components, the system
is also equipped with several electrical sensors to
facilitate measurements of axial load, deflection, and
pore-pressure.
A strain gage load cell is placed rigidly between the
double acting piston and the loading cap of the specimen,
and lS located outside the triaxial chamber.

See Figure 4.3.

The pore-pressure responses are monitored by a
VIATRAN strain gage pressure transducer, mounted outside
the triaxial cell.

See Figure 4.4.

The deformation of the sample is meas.ured by a
HEWLETT-PACKARD, D.C. Linear Variable Differential Transformer mounted on top of the triaxial cell and attached

7

a

7

b

Air Intake
7

d

c

7

a

d

-7

7

Os
6

6

N

w

Fig. 4.1

Schematic Diagram of Air Pressure System of Cycle Control Panel for Dynamic
Triaxial
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TABLE II
Key to F£gure 4.1
1.

Four-way Swagelock Junct£on.

2.

Three-way Swagelock Junction.

3.

0 - 15 PSIG Fa£rchild Pressure Regulators.

4.

Distributor Manifold with Pressure Gage.

5.

Electrical Solenoid Valves.

6.

Air Bleed Valves.

7.

Pressure Outlets
a.

Inlet-Outlet to Double Acting Piston.

b.

To Chamber Pressure.

c.

To Back Pressure.

d.

Chamber and Back Pressure Gages.
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Elec. Inlet
S-witch

n o
0

D 0
0

Solenoi
#1

Digital
Counter

So:Pnoid
#2

Motor
Timer

Motor
Control

Fig.

4.2
Electrical Circuit Diagram
of Cyclic Triaxial Panel
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Fig . 4 . 3

Arrangement of Load Cell

27

... ....:

Fig . 4.4

Arrangement of Pore-Pressure Transducer

28

Fig . 4.5 Arrangeme nt of LVDT for
Deformation Meas ure ment
(Note the Unattached Piston )
( Photo Taken for

Demonst~ation

Purposes )
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to the piston rod.

A tynical arrangement for the triaxial

test is sho-..J"n in Figure 4.5.
The electrical si.gnals from the load cell, porepre.ss·ure transducer, and the LVDT are recorded on a
Honeywell multichannel liglLt be·am oscillograph.
Th.e chamBer and back pre.ss:ure are applied through
water by compressed air; also compressed air is cy·cled to
the double acting piston by· electrically controlled solenoid
valves.

A Minerah speed control device is used to vary

the test frequencies from static loading to 10 Hz.
A detailed description of equipment is given in
Appendix IV.
B.

~ecill).en

Preparation

To investigate the effects of variations of speclmen
preparation methods on the test results, samples were
prepared in three different ways corresponding to methods
used by previous investigators.
Since the

init~al

void ratio, saturation, and

homogenity of the specimen are of the utmost importance, it
was necessary to establish a suitable method of preparation
in which these variables would not be responsible for
variation in test results.
preparation were tried.

Three methods of sample

A more detailed description is

given in Appendix C.
Method uA'' ... .,.. A predetermined amount of sand to achieve
a particular density is boiled under vacuum to remove air
entrapped between the sand grains.

After cooling, the sand
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the sand is introduced into a submerged specimen mold,
the operator taking care to use deaired ;c,zater and not
letting the sand become exposed to the atmosphere.
Method

!{B

'~

..,...,...

The s.pecimen

::l.._S

to thB required density and deaired

formed
~ater

~ith

lS

the bottom of the specimen by back pressure.

dry sand

introduced into
The -water

level is slowly raised inside th_e s·ample.
Method

trcu

..... -

This method of preparation is somewhat

similar to the method ItA", but instead of preparing the
sample under water, the specimen mold is prefilled with
-water, and dry sand is introduced into the mold in layers.
A certain depth of free -water is always maintained on top
of the sand, until the cap is placed on top of the formed
sample.
Hethod HA" produces the best and most reproducible
sample as far as the ease of saturation is concerned.

The

other methods are used to compare thB effects of sample
preparation on test results.
C.

Test Procedure
After selection of the relative density, effective

isotropic consolidation pressure, and the specimen size,
the sample is formed by one of the sample preparation
methods outlined.

All of thB samples are formed in a

thin commercial rubber membrane, attached to the base of
the mold by a rubber band.

Several additional membranes

are placed over the specimen to insure that the single
membrane will not rupture during the test.

The triaxial
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cell is:. assembled and filled wi_th_ water as the. confining
fluid.

The sample i.s: checked for

~00%

s.aturation by

deter~

mining the value. o;f Skempton ':a: pore.,..-pres.su:re. coe;fficient B.
Neces:sary back :pres:s:ure
achieve lOO% saturation.

i~

appli.e.d i_n s;mall incre.ments to
The value of B, equivalent to

100% saturation, Nas: found to b.e

o.gs,

based on experimental

veri.ficati_on.
When the saturation is: considered to be 100% or very
nearly lO 0%, the drainage line is opened, the cell pressure :is
increased to the :required level of consolidation pressure,
and the sample is allowed to consolidate.

To achieve an

isotropic consolidation condition, the piston rod is not
attached tothe sample cap at this time, as shown 1n
Figure 4.5.

After consolidation is complete, the piston rod

is then :rigidly attached to the sample; but in order to
compensate for piston uplift, it is necessary to apply a
downward force on the double acting piston to counterbalance
the uplift.

The counterbalancing downward force is always

determined experimentally in this investigation.
At this point, it is important to understand the
working of the double acting piston.

The double acting

piston is a small air-tight chamber, six inches high by
six inches in diameter, divided in the middle by two
flexible. di_aph:ragms; both the upper and the lower chambers
are provided wi.th one inlet.,.outlet orifice connected to
the air aupply..

The device has: tvro s:trokes.--up-Na:rd and

downward--depending on the direction of the pressure
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differential.

When

the~

uppe.r chamber is. filled with

com~

pressed air, the diaphragm moves downward and exerts a force
proportional to the air pressure on the piston rod; at this
moment, when the upper chamber is. under pressure, the lower
chamber is connected to a cylinder at atmospheric pressure.
This facilitates bleeding the lower chamber as the diaphragm
moves downward.

With the activation of the solenoid valve

for the upward stroke, the upper chamber is opened to
exhaust, while the lo-wer chamber is filled with compressed
air

thereby inducing an upward force in the piston rod.

Since there are only two orifices in the piston chamber,
when the push load acting downward is connected to the
upper chamber, the lower chamber orifice (pull exhaust) 1s
connected to the atmospheric chamber, the upper chamber
automatically goes to the exhaust setting (push exhaust).
In this equipment, push load and pull exhaust and pull load
and push exhaust work simultaneously.
Before the specimen is cycled, the drainage connection
is closed, the cycle counter reset to zero, and the recorder
turned on.

The choice of recording paper speed depends on

the estimated time of the test and also on the frequency of
loading.
A typical tes.t recording is shown in Figure 4. 6 where
axial load

'

pore-pressure and displacements. are recorded at

~

-

constant paper speed.

Lane Spring Sand
Test # 52
=10 PSI; DRi = 50%
1 Hz; Method "A"

a3

1

0
1

+

Deformation

12
0

Load

12

_,

~

Pore-Pressure
1 sec.
10,

0
w

Fig. 4.6

Reproduction of the Typical Output-Reversing Stress Test Data From
Honeywell Light Beam Recorder

w
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CHAPTER V
PRESENTATION OF RESULTS AND DISCUSSION
A.

Test Resuits
The results of this inves,tigation have been set forth

in the form of graphs, Figures. 5.1 through 5.11.

In all

instances-, the deviator f:3:tres·s has been normalized by
dividing it by the effective confining stress.
th~

pore-pressures are normalized by

dividin~

Similarly
the pore-

pressure at any particular time by the effective confining
stress.

The cycle of pore-pressure is normalized by

dividing it by the number of cycles causing initial liquefaction.
Figure 5.1 presents the results of what has been
termed as a standard test:

a test on a sample 1.4" diameter

and 3.2n high with a relative density of 65%, a loading
frequency 1 Hz, an effective confining pressure of 10 PSI,
and prepared by method "A".

It also shows the results of

tests on similar samples with relative densities of 50%
and 80%

~ith

other variables held constant.

For this

graph, the normalized deviator stress is Plotted against
the number of loading cycles required to induce the initial
liquefaction in the samples.
Figure 5. 2 depicts. the results of tes.ts; on a standard
s.ample vvith a loading frequency of 2 Hz.
Figure 5. 3 shovvs. the results of tests, similar to the
standard tests as presented in Figure 5 .1, but with a 2. 8 ·~
diameter, and 6. 9 8 11 high sample.

The results of tes.ts at
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50% and 80% relative density on this size sample are also
plotted on the s:ame graph.

Figure 5.4 pres.ents test results

of 4 11 x 8" samples, and also s.ummarizes the results of
l. 4 1 ~, 2. 8" and 4. 0. 11 diameter s:amples with a relative
de.ns:i ty of 6 5%.
Figures: 5.6 and 5.7 present the relationship of sample
size to the normalized deviator stress: required to cause
initial liquefaction in a particular cycle.
Figure 5. 8 is. a s.·urrunary of res:ul ts of the pore pressure
responses of the three different sample sizes.

The plot of

normalized pore-pressure response versus. the normalized
cycle of failure depicts: the state of pore pressure buildup within samples of different sizes at any particular time
during the test.
Figure 5.9 shows the relationship of relative density,
both initial and after consolidation, and the normalized
deviator stress required to cause initial liquefaction.
Figure 5.10 shows the relative density produced by an
effective confining stress of 10 PSI on samples of
different sizes prepared at different initial relative
densities.
In Figure 5.11, the dynamic response of sample method
11

C 11 is compared with the standard test on 1.4 11 diameter

samples.

There is obviously no effect of s:amnle preparation

meth_od on the test results..
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B.

Dis.cus s.ion
In this investigation, the majority of the tests. were

performed on specimens l . 4n ln diameter and 3. 2 :' in height
prepared by method "A" with an initial relative density
of 65%.

The results are presented in the middle curve

of Figure 5.1, itJhere the normalized deviator stress is
plotted versus· the number of cycles required to cause
initial liquefaction.

Initial liquefaction is defined as

the state in which the pore water pressure equals the
effective confining stress in the sample.

It can be seen

that as the normalized deviator stress is reduced, a
larger number of cycles is required to cause liquefaction.
The results are in general agreement with those of Seed
and Lee, and Rocker except that the strength of the specimens in this investigation are higher .

Previous tests

were carried out on three different sands.

It is , there--

fore, reasonable to expect a variation in strength even
under the same conditions and similar test procedures.

In

this investigation the tests on 1.4n diameter samples -;vith
an initial relative density of 65% are referred to as
standard tests.
To depict the effects of normalized deviator stress on
the number of cycles required to cause liquefaction for
different relative densities, test results for relative
densities of 50% and 8 0% are als:o shown in Figure 5 .1.
The results follow the same pattern as for the tests at a
relative density of 65% and sho"N that the samples vvith SO%
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relative density require fe¥er cycles. to cause liquefaction
for a given pulsating deviator s:tres.s than soils at a higher
relative density.

Like~~Jise,

samples at 80.% initial

relative density are stronger than those ~ith 65% relative
density.
Th_e data in Figure 5. 2 is. similar to the middle curve
CDRi

:=.

6 5%} of Figure 5 .l except that the loading frequency

is. 2 Hz.

In these tests, all other variables are kept

constant as in the standard tests.

Although the results

follow the same pattern as: the standard tests, the sample
has a lower strength.

The curve is almost exactly super-

imposed on that of the curve for DRi

=

50% in Figure 5.1.

Peacock. and Seed have investigated the effects of loading
frequency on the strength of sand in cyclic sample shear
tests and have concluded that there is no definite pattern
ln the results; therefore, no definite relationship exists.
It cannot be denied that a very limited number of tests
have been performed in this investigation and cannot be
deemed to be conclusive;

a more comprehensive and thorough

investigation is required.
The effects on test results due to the variation ln
specimen sizes are investigated by testing on samples 1. 4 11
in diameter x 3.2 11 i.n height, 2.8!1 in diameter x 6.98n in
height, and 4. 0 11 in diameter x 8. 5" in height.

The test

results; are presented in Figure 5.3 for 2.8n diameter
samples of three different initial relative densities.
The trends are similar to thos·e shown in Figure 5. 1.

The
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results on 4.0" diameter samples for DRi :: 65% are sho-wn
on Figure 5. 4 along wi.th thos.e for 1. 4" and 2. 8 11 diameter
samples. under the same. cond.it.ions;.

It appears from these

res;ul ts: that a larger sample size gives a lower strength,
i.e. for a given number of

c~Tcles:,

a low.·er pulsating

deviator stress: is required to caus:e l.iquefaction for a
4.0" diameter than for a l-4 11 or 2.8" diameter sample.
The trend of this result is: in agreement ¥ith Rocker 1 s

12 0 I

results in a similar invest.igation on 2.8 11 diameter samples,
and -with Lee and Fitton's

jl5j observation of the same

phenomenon in their investigation ,

a 1 though all these

investigators attributed the deviation to reasons other
than sample size and none of them investigated this further.
From the present results which is conducted using three
different sample sizes, it clearly appears that a larger
sample gives a lower strength in liquefaction tests, all
other conditions being equal.
Figure 5.4 shows a distinct tendency for the larger
sample to give a lo-wer strength.
startling as it appears to be.

However, this is not as
As noted by Lee and Fitton,

a larger sample is more likely to have the following
characteristics:

1) discontinuities within the sample;

2) a variation ln relative density at different points withln the sample; and finally, 3) a variation in grainsize
distribution due to segregation at the time of sample
preparation and vibration for compaction in the mold.
sample. is very likely to exhibit a lower reais;tance to

The
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liquefact~on

under repeated loadings.

One possible reason is that a smaller diameter s.ample
appears to

consol~date

more for the same effective con-

fining pressure than a larger d~ameter sample.

Thus, a

s:maller specimen may- be at a higher relative density at the
time of testing than a larger sample, although they are
prepared at the same initial relative density.
Another factor in the rapid liquefaction of larger
samples is considered to be the quicker pore-pressure
response

~n

larger samples.

Yoshimi

I25 I

has earlier

hypothesized this behavior based on shaking table liquefaction tests on sand.

However, it is not clearly under-

stood and reasons behind it could not be completely
delineated in this investigation.

Data from the previously

mentioned figures have been cross plotted to give a relationship between normalized deviator stress and triaxial
sample diameter.

Figures 5.6 and 5.7 show this relationship

for initial relative densities of 50%, 65%, and 80%,
respectively.

These graphs show that the strength

reduction due to larger sample size is more pronounced ln
tests with high deviator stresses and also at the higher
range of relative dens~ties.
stress
~mpact

'

Perhaps at a higher deviator

the first few cycles are more critical as the larger
'

on the specimen affects the discontinuities within

the sample more severelY,.

The soi.l structure breaks down

producing a local liquefaction which then quickly propagates throughout the specimen.

For the given conditions,
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Figure 5. 8 sho~&s a quick.e.r ris,e of pore.,..pressure in larger
samples

11

possibly due to the localized liquefaction because

of structure breakdo"in at the dis;continuities: in specimen.
In any·
. ev.ent, there

~s.·
~

a grea t er t en d ency
·
o f vo 1 ume change

l.n the larger s::peclmens..
Figures 5.9 through 5.ll show the relation of normalized deviator stress relation versus the relative density
before and after consolidation of the specimen for samoles
of 1.4" in diameter.

sho~n

The initial relative density is

by a solid line for cycles 2, 10, and 100 to cause initial
liquefaction.

After consolidation, the sample is denser

as shown by the dashed-line relationship.
The Figure 5.10 shows an average change ln relative
densities of the samples of all sizes due to consolidation.
It is seen from this graph that the change in relative
density for a 1.4r: diameter sample is more pronounced
than the other

t~o

sample sizes.

In fact, the change of
The 4" dia-

density in 4" diameter sample is negligible.

meter sample appears not to consolidate at all.
The effect of sample preparation method is investigated
by preparing samples in three different ways.

A full

description of the methods is given in the Appendix
The results are reproduced ln Figure 5.11.

B

The standard

method of sample preparation throughout the investigation
It is: concluded from these tests that the
two methods of sample preparation used in the tests do
not affect the test results, if required conditions are
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achi.eved in the speclmen.

The s.pecimen can be prepared ln

any manner, and if the characteris.tics. of specimen s.uch as
initial relative density, diameter, saturation, etc. are
subs.tantially the same, i t appears. this. will not have an
effect on the test results.
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CHAPTER VI
CONCLUSIONS
The effect of relative density, frequency of loading,
sample s-ize., and the sample preparation methods on the
results of cyclic triaxial tests: on saturated sand has
been investigated and a

relationsh~p

established between

the number of cycles· to initial liquefaction to a given
cyclic deviator stress.

A test with relative density of

65%, loading frequency of 1 Hz, effective confining stress
of 10 PSI, the sample preparation method "A'' and the
specimen size of l. 4 '' diameter and 3. 2" in height is
considered to be a standard test.

The choice of these

particular conditions for a standard test is guided by
some previous investigations.

It is considered that a

test similar to that used by other investigators would
check the performance of the equipment and also would
considerably simplify the comparison of results with such
investigations.

It is reasoned that selecting a standard

test whose results could be compared to other investigators
would also facilitate comparing the effects of variables
studied in this investigation.
For the standard test, the cycles to initial liquefaction for a given cyclic deviator stress is established
and all other comparisons are made

~ith

these results.

On the basis of observation in this investigation
and subsequent discus.sion ln Cha:pte.r V, the follo:rJ:ing conclusions are derived:
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l.

As the relative density of sand increases, the
magnitude of cyclic deviator stress to cause
initial liquefaction for a given number of cycles
also increases.

2.

A larger sample tends to g1ve a
strength.

lo~er

dynamic

That is, for a given cycle, a smaller

cyclic deviator stress causes liquefaction in a
larger sample.

3.

The effect of frequency increase from 1Hz to 2 Hz
appears to reduce cyclic deviator stress to
failure for a given cycle; other conditions
remaining constant.

4.

The cyclic deviator stress to cause liquefaction
varies linearly for a given cycle as the sample
diameter increases.

5.

The pore-pressure response

lS

quicker 1n larger

samples.
6.

During consolidation, the relative density changes
but odp/o3 vs DRc graph remains linear and
"translatesn to the right.

7.

It appears that the 1.4" diameter sample consolidates the most.

8.

The method of sample preparation does not effect
the result.
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APPENDIX A
NOTATIONS

A
B

Sample Preparation Methods.

c
Ac

Area of the Loading Cap.

AR

Cross-sectional Area of the Loading Rod.

Cc

Coefficient of Curvature.

C
u

Coefficient of Uniformity.

DRi

Initial Relative Density.

DRc

Relative Density after Consolidation.

F

Load (Force).

F

e

Effective Load (Force).

Gs

Specific Gravity.

N

Stress Cycle.

vs

Volume of Solids.

V

Volume of voids.

Wrod

Weight of Loading Rod.

W

Weight of Solids.

e

Void Ratio.

f

Frequency of Cyclic Loading.

u

Pore-Pressure.

a

Stress.

a1

Major Principal Stress.

a'

Effective Major Principal Stress.

a3

Minor Principal Stress

v

s

1
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Effective Mi.nor Principal Stress.
Back Pressure.
Chamber Pressure.
a

3counter

Counterbalancing Pressure on Loading Rod.
Effective Cyclic Deviator Stress.
Sample Diameter.
Number.
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APPENDIX

B

DETAILED DESCRIPTION OF EQUIPMENT
The equipment for this investigation can broadly be
divided in three main categories:

Cil

The triaxial chamber

and arrangement for cycling the s:ample; Cii)

The control

unit for regulating varlous tes·t conditions; (iii) The
electrical sensors and recorder for recording the test
results.
The triaxial chamber is a conventional one, except that
the sample plattens are interchangeable for different sizes
of sample diameters.

The schematic diagram of its base

plate is given in Figure 7.1. The chamber is of clear
lucite, 6n in diameter and 18" ln height, covered with
an aluminum top plate which is secured to the base plate
by three bolted rods.
piston rod.

A Thompson ball busing guides the

The top plate is provided with a quick connect

inlet for application of chamber pressure, and there is
another outlet for quick release of pressure from the
chamber.

There is also a provision for holding the core

of LVDT for displacement measurements.
The equipment for cycling the stress ln a sample
consists of a double action piston with a maximum stroke of
2!;z" in either direction.

The double acting pis.ton lS an

alr tight chamber of 6 11 diameter and 6 n in height.

It is

divided in the middle by two flexible diaphragms: the
lower and upper chamber of the pis.ton have one inlet-outlet
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Fig. 7.1

Schematic Diagram of Triaxial Chamber Base Plate
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or>ifice each connecting it to the ai_r>

~u:pply.

The

piston is activated by compr>e.ssed air>) which when filled
in the upper> chamber, moves the diaphragms do-wnward and
induces a load in the piston rod in pr>opor>tion to the alr
pr>essure.

When the lower chamber> is_ fi_lled with_ air, the

diaphr>agm moves upward to create an extension load in the
piston r>od.

In thls thesis, the downwar>d or> compression

load is ter>med push load and the upward or extension load
is ter>med pull load.

As the piston chamber>s ar>e pr>ovided

with only two orifices, they alternately work as inlets
and outlets.

When the upper chamber> is connected to

pr>essure, the lower chamber or>ifice acts as an exhaust
outlet during downward movement of the diaphragm.

Similar>ly

when the lo-;.zer chamber is connected to air> pressur>e, the
upper> orifice acts as an air outlet for the upper> chamber
facilitating the upwar>d movement of the diaphragm.

When

the air> pressur>e is cycled into and out of the upper and
lower> chamber>s of the double acting piston, it induces a
downwar>d and upward stroke

in the piston

r>od~

consequently

compr>ession and extension stresses r>espectively are
induced ln the sample.

The frequency of cycling is con-

tr>olled by two electrically oper>ated solenoid valves for
upper> and lower> chamber respectively.
The double acting piston is mounted on a steel frame
directly above the triaxial cell.

The tr>iaxial cell is

positioned such that the axies of the piston and triaxial
cell coincide eliminating the possibility of any bending
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moment bei_ng induced in the loading rod.
error in the recorded load in the sample.

This

reduces

The double

acting piston rod is connected to the loading rod by a
s.imple nut and screit:l
connection.

arrangement~

which :provides a

ri~id

The arrangement is shown in Figure 7.2.

The control unit for regulating the test conditions
such as chamber pres-sure, deviator stress, loading frequency, etc. cons:i.sts of one conaole of electrical and
pneumatic systems and four air pressure storage tanks.

The

schematic diagrams for the pneumatic and electrical systems
are given in Figures

4.1 and 4. 2.

The pneumatic system consists of one main air pressure
inlet, a manifold for air pressure distribution, and six
regulators for regulating air pressure, and four air
pressure storage tanks.
regulators are used.

In this investigation only four

The regulators for chamber and back

pressure are provided by another control panel.
The alr pressure in the double acting piston generates
a particular stress level in the sample.

The four regulator

valves control the flow of air into the various pressure
regulators.

Regulator No. 1 (Push Load) controls the in-

flow of air ln the upper chamber, while Regulator No. 2
(Push Exhaust) controls the exhaust pressure.
upit:lard stroke, Regulator No.

During the

3 (Pull Exhaust} controls the

out-flow and Regulator No. 4 (Pull Load) controls the inflow of air into the piston chamber.

Figure 7. 4

shows the

schematic drawing of the air distribution arrangement.
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Fig . 7 . 2 1 .4" Diameter Sample
Under Consolidation Pressure
( Note the Nut and Screw Arrangement)
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Fig. 7. 3

Cyclic Triaxial Control Panel
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Incoming, air
tank.

l~
"+

regulated
t o a pressure gage and a storage
..

Solenoid valves open and close at the proper time

intervals and provide air to the upper and lower chambers
of the double acting piston.

The storage tanks are pro-

vided an ai.r bleeding valve tfLat maintains a constant level
of air pressure in the tank after a pressure is s.et in
the regulator.

This system eliminates pressure fluctuations

in the delivered air.

Tubing from the solenoid valve to

the double acti_ng piston is: made as short as possible.
This is the only connection for each of the piston chambers.
These connections alternate as a pressure inlet and
exhaust outlet depending on the setting of the solenoid
valves.
To set and determine the magnitude of pressure in the
regulators, only one pressure gauge is provided at the
manifold.

It can be connected to any of the four regulators

by turning a Conant four-way valve on the control panel.
Provision of only one gauge has two distinct advantages.
The first 1s that the pressures are set on one gauge, so
any inherent characteristic of the scale and gauge precision are the same for all regulators; secondly, it helps
in maintaining a reasonable compactnes.s of the whole panel
which would be affected considerably by addition of three
gauges.
5/8 inch O.D. flexible tubings: and brass. s;v:agelock
tube fittings are used for all connections.

The connection

from the control uni.t to the double acting piston has a
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flow regulator valve. on one end of the tubing and a nondisplacement Cir>cle Seal valve on the other end.

The flo-w

regulator valve regulates the rate of in'"'flo-.,z and out-flow
of air to the double acting piston for generating the
various kinds of loading wave shapes..

The Circle Seal

valve provides a means of clos.:ing off completely the
air flow to the piston -.vhen ne.cessary.
The control unit electrical system includes a

po~...ver

receptacle in the back of the console with a master control
switch ..

The main components of the electrical system are

a variable speed electrical motor, an electrical switch,
two electrically operated solenoid valves, a cycle counter,
and a speed control device for the motor.
The motor shaft is connected to a cam which opens and
closes an electrical switch activating two solenoid valves.
The direction of rotation of the motor is controlled by a
switch on the motor control panel.

The speed of the motor

can be varied by an electrical regulator on the control
panel, which in turn, regulates the frequency of the cyclic
stress application.

The frequency of load application can

be varied from 0 Hz to 10 Hz.
The third category of equipment, -.&hich is. utilized to
measure the stresses, deflection and pore pressure inside
the sample, consists

ot

one strain gauge load cell, one

Hewlett~?ackard D.C. Linear Variable Differential Transformer, and one Vi.atran pressure transducer, top;ether
with a H.oney-.tJell mul tich.annel light beam oscillograph
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(Model l580 Vis.icorder) for monitoring the electrical
signals from the load cell, LVDT and pore-press.ure transducer.
The load ce.ll l~
·· mounted between th.e loading cap of
the s·arn.ple and the double acting piston rod outside the
triaxial cell.

The load cell has a protruding screw on

one end which connects it to the piston s:haft, -;Nhile a
threaded groove on the other side receives the loading
rod from the sample cap.
The LVDT core is mounted on the top of the triaxial
cell and the body is held rigidly by an aluminum clamp
attached to the leading rod; therefore, the body of LVDT
moves up and down with each stroke of the piston, monitoring
the deflection of the sample.
The pore pressure transducer is mounted outside the
triaxial cell, approximately 1 ~~ below the level of the
base plate.

It is shmvn in Figure

4. 4 .

The transducer is

mounted on the lower opening of a solid four--;Nay metal
manifold with non-displacement Circle Seal valves mounted
on the other three openings.

One of the Circle Seal

valves is equipped with a Hansen lBO.O series Quick connect
valve which is used to connect the back pressure device
to the sample; the other end is: attached to the s.ample
drainage line of the triaxial chamber bas:e plate.

The

third opening, vertically above the transducer, is used
to drain the system.
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The specifications. and detailed description of the
Honeywell oscillograph and the other sensing devi.ces can
be found in the technical literature s.upplied by the
manufacturers of these devices ..
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APPENDIX

C

DETAILED PROCEDURE OF SAMPLE PF.EPARATION
As previously mentioned, the specimens are prepared by
three different methnds for comparison of their effects
on test results.

However, there are some general steps

which are common to all of the methods, such as:

deter-

mining the exact amount of sand for a particular relative
density; tapping and vibrating the mold for densification;
the attaching of the first thin membrane to the base and
positioning the mold for sample forming.

Each of these

steps and the specific technique of the different methods
are now described.
To achieve a particular predetermined relative density
of the specimen, a calculation is made to obtain the required in place unit weight.

The volume of a particular

size of sample is determined and weight of sand to fill
that volume at minimum void ratio is calculated.

Once

the weight of sample for minimum void ratio is determined,
the weight for any other void ratio can be determined
thereafter.

A sample calculation for DF.i

=

65% is given

below as an illustration.
The sample is formed ln a thin commercial rubber
membrane attached to the bottom platten by a rubber band,
carefully placed slightly below the 0-ring grooves.

The

mold is placed around the bottom plate, secured in position
by a C clamp.

The membrane is then pulled out from the
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SAMPLE CALCULATION FOR SPECIMEN WEIGHT
FOR 65% RELATIVE DENSITY

Considering a specimen 1.4" diameter X 3.2" high:
Vol. of specimen= rr/4 (1.4) 2 x 3.2 in. 3

= 4.928
=

in. 3

80.01 cm 3

Void Ratio e at 65%
e
or Vv

= V /V
v

=

= 0.571 (from Figure

s

)

vs

0.571

Vol. of specimen = 80.01 em 3 = Vv + Vs
or 0.571 v s + v s
or v s (1+0.571)
or v s

=

=

80.01 cm 3

80.01

= 80.01/1.571 = 50.9

Weight of solids in specimen

ws = Gs

X

(G~

t:>

vv

em 3

W~

= 2.64

t:>

X

50.9 = 134.476 gms.

= 2.64 from Table I)

= 134.48 gms.
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mold and its free end is. rolled onto th.e neck of the
mold;

air trapped betvveen th.e membrane and the mold w:all

]__s. sucked out by application of vacuum, "V<Zhich leaves
no void between the membrane and the mold wall.

The

membrane conforms to the exact shape and volume of the
mold.

Sometimes the membrane atarts slipping off from

the mold neck.

In such. a case, an Q.,-.ring of proper size

is- placed over the neck of the mold to keep the membrane
in place.
l.S

After these s;teps are complete, the sample form

ready to receive. sand by any of the three methods des-

cribed below.
Hethod "A" -- In this: method, a predetermined amount
of sand for a particular void ratio or relative density is
introduced in a 500 ml. flask.

The flask is prefilled

with approximately 250 ml. of warm water.

The filled

flask is connected to a vacuum source to de-air
and water in the flask.

Th~

th~

sand

flask is agitated continually

to assure the removal of air from every part of the sample.
The triaxial chamber base with mold and membrane is
The sand is

submerged in a trough of de-aired "V<Zater.

introduced into the mold below the water surface.

Hater

replaced the sand in the flask "V<Zhile the sand flows into
th~

mold.

Th~

sand is never exposed to

at any time during J?lacement.

atmosph~ric

air

The sand is. introduced into

th.e mold in several layers:, depending on the. required
relative density.

For relative densities of 65% to 70%,

generally three layers are most s:.uitable.

High.e.r densities
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requ1re more layers.

For a relative density

bela~

50%,

one layer is depos-ited <-Ji.th very light tapping of the mold
for densification.

On the other hand, for higher densities,

more layers, heavy tapping, and sometimes vibrating the
mold may be necessary.

When the sand is completely

deposited to a particular height in the mold, to conform
to the predetermined volume, the sample loading cap 1s
placed on top

~ithout

disturbing the surface of the sand.

The membrane is carefully rolled over the cap from the
mold neck and a rubber band is slipped around it, again
tak~ng

groove.

care that the band does not slip into the 0-ring
A slight negative pore-pressure is induced inside

the sample,

~hich

creates a condition of effective con-

fining stress and prevents the sample from deforming after
the removal from the mold.

Th~s

is achieved by connecting

the pore-pressure outlet of the base to a vacuum source.
This step creates a condition equivalent to a preconsolidation pressure on the sample.

Therefore, the

lo~est

value

of confining pressure was used to prevent sample collapse.
After inducing a negative pore-pressure inside the
sample, the mold is removed and the specimen is left for
one-half to one minute to stand

~ithout

the mold.

valve is shut and the vacuum is still maintained.

The
If the

sample does not slump or deform, it is an indication that
the thin membrane enclosing ihe sample is not leaking or has.
not been damaged during the forming of the sample.

Never-

theless, to prevent damage to it during the test, a second
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Fig. 8.1

Sample Preparation by Method "A"
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rubber membrane of 0. Ql inch thickness: is_ slipped over the
sample by means of a membrane. stretcher and sealed on both
ends by rubber 0-rings sealing th£ sample.

Th_e s.pecime.n

is then ready. for testing.- a;fte.r oroner
ass,emblvof the
...,
~..

triaxial cell.

The sample is then saturated by back

pres·sure technique.
Method HB H

.,....,...

Af'ter the sample mold iiS; prepared, ready

to receive s·and as in method "A", s;and is introduced in the
mold in layers and tapped and/or vibrated to the proper
height.

The finishing steps are the same as method "A",

such as capping, inducing negative pressure, removing the
mold, checking for leaks in the membrane and putting
another membrane over the sample.

The sample is then

saturated by the back pressure technique.
Method "C" -- As outlined earlier, this method is very
close to method "A".

The only variation is that instead of

submerging the platten and mold in water and introducing
de-aired material, the mold is prefilled with.water and
dry sand is introduced into the mold in layers maintaining
a free #ater surface on top.

After all the finishing steps

are taken, the sample is ready for a test of saturation.
In brief, all the steps of specimen preparation can
be summarized in a tabular form.
1.

Attach a thin membrane to platten by a suitable
rubber band.

2.

Encase the membrane by forming mold and secure
the mold in position.
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Fig. 8.2 1 . 4'' Diameter Sample Under
Negative Pore - Pressure
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3.

Take the free end of the membrane out, roll it
over the neck of forming mold and secure by an
0-ring if necessary.

4.

De-air the space between the membrane and mold
wall.

5.

Introduce sand in the manner desired (submerged,
dry or prefilled mold).

6.

Place cap on top, unroll the membrane over it and
secure by a rubber band.

7.

Induce a negative pore pressure inside the sample,
close to the preconsolidation pressure desired.

8.

Remove the mold and let the sample sit for onehalf to one minute to check if the membrane is
damaged.

9.

Put another membrane over the sample and secure
by 0-rings on both ends.

After the specimen is formed, the triaxial chamber
assembled and proper connections are made to observe the
pore-pressure inside the sample, the recorder is activated.
A chamber pressure of 10 PSI. is applied and the resultant
rise in pore-pressure is recorded.

From the pore-pressure

lncrease, Skempton's pore-pressure parameter B is calculated.

If the value of B is not close to 1.00, a back

pressure lS applied to the sample, forcing the water in it
to bring it to saturation.

A pressure differential of

1 PSI is maintained between the chamber pressure and back
pressure.

The back pressure line is closed and the chamber
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J

Fig. 8.3 2 .8" Diameter Sample Under
Negative Pore-Pressure
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Fig. 8.4

4.0" Diameter

Sample Under Negative Pore-Pressure
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Fig . 8.5 Device for Back Pressure, Chamber
Pressure and Volume Change Meas urement
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pressure again raised by 10 PSI and the consequent rlse
pore-pressure noted for calculation of parameter B.

This

process lS continued in steps until the value of B reaches
1.00 or at least 0.96.

When the sample is considered to

be saturated, the chamber pressure is increased to the
desired level of consolidation stress.

The drainage line,

which is connected to a volume change burette, is opened
and the sample is allowed to consolidate under the isotropic confining stress.
CYCLIC ASPECTS OF TESTING
An idealized condition of shear stresses ln a soil
element below ground surface during an earthquake has been
put forward by Seed and Lee

1231.

According to the hy-

pothesis, during an earthquake, the major portion of the
deformations occur due tothe upward propagation of shear
waves from underlying layers.

It is assumed that the

soil element is subjected to cyclic shear strains that
reverse direction several times during the earthquake,
while the normal stress on the plane remains constant.

The

cyclic shear stresses that are induced in the element for
this duration of the earthquake can best be represented
in the laboratory by a simple shear test conducted under
a cyclic loading condition.

At the same time, they can

also be reproduced approximately in a triaxial testing
condition

1231.

Seed and Lee show the three stress conditions at
different stages of cyclic triaxial loading test.

See
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Figure 8. 6.
The required cyclic stress changes for inducing the
desired stress condition desired warrants that at all
stages of loading the mean of the major and minor principal
stresses be maintained constant.

Furthermore, if the

effects of the intermediate principal stress are neglected,
maintaining this condition would induce the desired stress
condition.

This condition is achieved by applying a

deviator stress axially in compression and extension alternately.

A full discussion regarding this condition

is given by Seed and Lee 1231.
SETTING PRESSURE IN REGULATORS FOR DEVIATOR STRESS
It has already been explained that in the double
acting piston cylinder arrangement, there are only two
orifices which act as air inlet and outlet alternately;
therefore, at any time if one is connected to the pressure
inlet, the other is connected to the exhaust outlet.

Hence,

to understand the complete process of regulating air
pressure in the piston chamber, the following important
characteristics of the equipment must be kept in mind.
1.

For convenience in referring, the regulators
are designated by a numerical symbol.
Regulator #l

Push Load

Regulator #2

Pull Exhaust

Regulator #3

Push Exhaust

Regulator #4

Pull Load
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2.

When there

ls

air in both of the chambers of

double-acting piston, the effective air pressure
is the pressure difference.

Push or Pull (i.e.

compression or tension) in nature depends on
which one of the pressures is higher in magnitude.
3.

When the cam lever is on the smaller cam position,
tank #2

(Pull Exhaust) pressure is connected to

the upper chamber and tank #4 (Pull Load) is
connected to the lower chamber.

Similarly, if

the larger cam is in position, tank #l (Push Load)
and tank #3 (Push Exhaust) are connected to the
upper and lower chambers respectively.
4.

The above is true only when the left solenoid
valve is in the right side position and the right
solenoid valve is in the left side position.

5.

At any one time, two pressure tanks are connected
to the double acting piston together, that is,
tank #l and #3 and tank #2 and #4.

Depending on

the position of solenoid valve, these pair of
tanks open simultaneously.
6.

When there is pressure in all the four tanks,
the flow of air to the double acting piston never
stops; and at any time, the load in the piston

lS

equal to the difference of pressure in the
connected tanks at that moment.
Keeping in mind the above working conditions of this
equipment, let us assume that the sample is to be cycled
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with a lO PSI deviator stress (

CJ

dp).

The other test

conditions are also given:
0

3c

=
=

=

80 PSI

cr'

50 PSI

cam position

3

30 PSI

=

small

When the loading piston is not connected to the sample
loading cap, there is an all round effective stress of 30
PSI on the sample and also an uplift pressure in the loading
rod proportionate to its cross-sectional area due to the
It, therefore, is necessary to counter

chamber pressure.

balance the uplift in load in the rod when it is connected
to the sample by downward force in the double acting piston
of equal magnitude.

To achieve this, it is imperative

to set a pressure in the upper chamber of the double
acting piston, which would
test.

act at all times during the

Since tank #1 and #2 are alternately connected to

the upper chamber of the double acting piston, this pressure must be set in these regulators for desired results.
Counter balancing the uplift in the loading rod also
facilitates attachini the rod to the loading cap because
the condition brings the rod in equilibrium, therefore, it
can be brought down to the cap and screwed in exerting a
minimal upward or downward force.
The problem can also be analyzed numerically as
follows:
Given:

0

3c

=
=

80 PSI
50 PSI
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=

± 10 PSI
I""'

I

r

h

L

~

I

J,~
'I'

~

~

0
~
-l

0

3c

BP

50

PSI

-:i

80 PSI
~

J,
II

••
"I

II

I

Fig. 8.7a

Schematic Condition of Sample
Problem

86
0

=

I

3

30 PSI

= 1.4

sample ¢

11

~t.

of piston rod, load cell LVDT

0dp

=

=

4.5 lbs.

± 10 PSI

Before the piston is attached, the axial load ln the sample:

= (80

=

X

l.S4)

(SO

X

=

l.S4)

(80 - SO) 1.54

30 x 1.54 = 46.2 lbs.

When the loading rod is attached to the top cap,
the effective area of the cap exposed to the chamber pressuresure is reduced to an amount equal to the cross-sectional
area of the piston rod.

The resulting force acting down-

;,vard on the sample is (for a 1.4" diameter sample):
F

F

e

=

e

=

0 3
c

(A

x A ) + Wt of Rod

c

c

+

0

= W
+
rod

0

=

W

rod

3 c (A c )

3c

4.5 + 80

(A

( 1.54 -

= 4.5 + 87.8 -

=
=

c
.442) -

50

X

1.54

77

(87.8 + 4.5 -

77) lbs.

15.4 lbs.
F

Stress on sample

= x-e =
c

15.4
10 PSI
1.54 =

whereas, the required stress level

=

30 PSI or Fe

=

46.2 lbs.

Therefore, to bring the sample back to an isotropic stress
condition, an additional stress of 20 PSI is required and
additional air pressure must be induced in the upper
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chamber of the double acting piston.

This is achieved

by setting a pressure in tanks #1 and #2 such that the
piston exerts an additional 20 PSI on the sample.
For the example problem, the pressure required to
counter balance the piston uplift is calculated as follows:

CAR x cr 3 c) - Wt of piston rod, LVDT, etc.

=

(.442 x 80) - 4.5

= 30.8

lbs.

Therefore, the required air pressure 1n the double acting
piston to produce this force is found from a calibration
graph plotted for this purpose;

in this case, the pres-

sure required is 1.05 PSI.
Hence the pressure 1.05 PSI is set in the regulators
of tank #1 and #2 for counter balancing the uplift in the
piston rod.

When the piston rod is brought to equilibrium

by setting this pressure, it is pulled down to bear against
the sample loading cap and locked in this position by
shutting the Circle Seal valves on the air pressure lines
at the double acting piston.

The piston rod can now be

attached to the sample loading cap by screwing it into
the threaded recess of the cap.

However, as it is seen

from the first calculations that for the isotropic
conditions in the sample, a force of 46.2 is necessary.

A

force of 15.4 is already acting on the sample due to the
chamber pressure in the triaxial cell.

The counter

balancing force in the piston rod further provides a force
of 30.8 lbs. on the loading cap that,added to the existing
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load on the cap results ln:
(15.4 + 30.8)

= 46.2

lbs·

'

which is necessary for an isotropic stress condition in
the sample.

The Circle Seal valves on the piston chambers

can now be opened, so that the pressure is transferred
on the sample.
Once the stress reduction due to the attachment of
rod is compensated, the deviator stress can be set in
the proper regulators..

A schematic analysis is given

below for this example condition.
After the stress reduction due to the attachment of
the piston rod is compensated, the deviator stress for
cycling the sample lS set in the proper regulators.

At

this time, it must be remembered that in the example problem the cam position lS "small" at this particular time;
this position means that the solenoid valves are open such
that tanks #2 and #4 are connected to the upper and lower
piston chambers, respectively (see Figure).

However,

when the test starts, the valves alternately change
positions and in the next cycle tank #l and #3 are connected
to the upper and lower chamber of the double acting piston,
respectively.

This condition requires the test to start

with a compressive stroke.

The compressive deviator stress

must be set in tank #l and the extension stress in tank #4.
It is, therefore, necessary that in order to exert
the deviator stress in the sample, some additional pressure
must be set in Regulator #1 and also in tank #4 where there
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80 PSI

30

50

PSI

80 PSI

PSI
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30

Isotropic Condition
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Fig. 8.7b

Cyclic Str. Reversal

Schematic Analysis of Sample
Problem

Time
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is no pressure at this time.

To achieve this, the pressure

for deviator stress that can be determined from the
calibration graph is set in Regulators #1 and #4.

On the

other hand, as it is mentioned earlier that tank #4 is
connected to the lower chamber of the piston, any pressure
set in tank #4 will act on the sample due to the upward
movement of the piston, creating an extension stress.

To

avoid this condition, the lower chamber of the double
acting piston must be closed by means of the Circle Seal
valve in the air supply line before setting the pressure
in tank #4.

The valve is opened only after the test is

started and when the compression stroke is complete.

After

this precaution is taken, the pressure can be set in the
regulators for the deviator stress.

In the example problem,

a deviator stress of ± 10 PSI is set which is equal to a
force of 15.4 lbs.

The corresponding air pressure for this

force is found from the calibration graph, which in this
case is equal to a pressure of 0.85 PSI in the double
acting piston chamber.
Hence, for cycling the sample by a deviator stress of
+10 PSI, a pressure of 0.85 PSI is set in tank #1 for compressive stress over and above the pressure set for
counter balancing the uplift and isotropic condition.

A

similar pressure is set in tank #4 for the extension stress.
It follows from the above analysis that after setting
all the pressures in the regulators, the pressure settings
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for the example problem will be:
Tank #l

=

adp + a counter

Tank #2

=

a

Tank #3

=
=

0. 0

Tank #4

counter

=

=

=

0. 8 5 + 1. 0 5

=

1. 90 PSI

1. 05 PSI

0.85 PSI

The above procedure for setting the pressure in the
regulators as well as running the test is summarized 1n
steps as follows:
STEPS IN PRESSURE SETTING
1.

Calculate the uplift force in the piston rod by
the equation:
AR x a3c
Subtract the weight of rod, LVDT, load cell, etc.
from the calculated force.

Balance

lS

the force

acting upward on the piston rod.
2.

Find the corresponding air pressure to counter
balance this force from the calibration graph.

3.

Set this pressure in Regulators #1 and #2.

4.

Bring the piston rod down to bear against the
sample loading cap such as not to exert a pressure
on the sample.

5.

Lock the piston rod by closing the Circle Seal
valves on the air supply lines to the double
acting piston.

6.

Attach the piston rod to the sample cap by gently
screwing it.
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7.

Set the LVDT on the piston rod.

8.

Open the Circle Seal valves on the alr supply lines.

9.

Find the air pressure required in the piston
corresponding to the deviator stress from the
calibration graph.

10.

Close the valve of lo-wer chamber of the double
acting piston.

11.

For cam position "small", s.et this deviator pressure ln Regulators #l and #4.

It is possible

to set the deviator pressure in the other
regulators; but

~ithout

t~o

complicating the procedure

any further, it is always advisable and easier
to bring the cam position to "small".
Further steps in continuation for running the test
include:
12.

Reset the cycle counter to zero.

13.

Close the drainage valve beyond the pore-pressure
transducer.

14.

Start the recorder.

15.

Start cycling.

16.

Open quickly the

lo~er

chamber of the double

acting piston as soon as the cam position changes
to ''large

jJ.

This occurs ln l/2 cycle.

A note of caution must be added that the calibration
graph for laboratory air pressure versus load in the
double acting piston and load in piston versus stress ln the
sample, are t~o different graphs.

Furthermore, a different
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Fig . 8.8

Honeywell Multi- Channe l Light
Beam Recorder
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calibration graph is required for each different size of
sample diameter.

PERFORMANCE OF EQUIPMENT
Performance of the equipment used in this investigation
lS

generally satisfactory.

The particular area in which the

equ~pment does not perform well is the calibration of the

laboratory air pressure to induce load in the double
acting piston.

In most cases, the calculated pressure in

the regulator did not produce the desired load; invariably
the piston generated a smaller loading.

This problem is

all the more aggravated for loading frequencies of greater
value than 1 Hz.
The cause of this behavior is recognized to be the
disproportionately large size of the double acting piston.
The fluidix of the system is analyzed in a very idealized
condition, and this also supports the above observation.
Since the double acting piston is an integral part of the
equipment system, it is intended to be used for all sizes
of samples and ranges of effective confining stresses.
However, the piston exerts a force proportional to the area
of the piston chamber and a very small magnitude of air
pressure, for example 1 PSI, induces a force of more than
28 lbs.

in the loading shaft, which amounts to a stress of

over l8 PSI in a 1.4" diameter sample.

On the other hand,

it takes a finite period of time to fill the whole chamber
with air before the full pressure can develop.

With a
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short cycle time, the solenoid setting causes exhaust
before the chamber is completely filled and develops the
intended force.
It, therefore, is recommended that the size of the
double acting piston be kept as small as practicable.
smaller double acting piston has two advantages.

A

Firstly,

due to its smaller cross-sectional area, it will require
a larger air pressure to generate the same magnitude of
force, thereby increasing the frequency response of the
double acting piston due to a higher rate of in-flow of
air as well as a greater flexibility in the smaller range
of loadings.

Secondly, it will reduce the handling diffi-

culty in care of equipment shifting.
The advantage of a large double acting piston is the
flexibility for use with larger size samples.

9G
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